Abstract: After abandonment in the late 1960s, the Picher mining district of Oklahoma, once the largest source of lead and zinc in the world, continued to be affected by severe environmental degradation, with scattered subsidence and abundant toxic metals such as cadmium and lead seeping from flooded underground mine workings and seeping and running off from as much as 60 million tons of mine tailings remaining at the land surface. Water-quality data collected during the mid-1980s and the mid-2000s at the Tar Creek at 22nd Street Bridge in Miami, Oklahoma streamflow-gaging station (USGS number 07185095), located downstream from much of the district, indicate that total concentrations of iron, manganese, and zinc significantly decreased between the two sampling periods. Those water-quality improvements probably are due to a combination of reclamation activities and natural attenuation processes such as stabilization of exposed minerals in flooded underground mine workings, progressive wind and water erosion of the most readily erodible metalliferous particles from tailings, and colonization of volunteer plants that reduce physical erosion of soils and tailings.
INTRODUCTION

Brief History of Mining District
The abandoned Tri-State mining district, a 3,077-squarekilometer area in southwest Missouri, southeast Kansas, and northeast Oklahoma, was the most productive site of mining for sulfide ores of lead and zinc in the U.S. from the late 1830s to the 1970s, producing about 1.7 million tons of lead and 8.8 million tons of zinc [1] [2] [3] [4] . Parts of the mining district, included in the initial National Priority List of Superfund sites by the U.S. Environmental Protection Agency in 1983, are affected by some of the most severe and widespread environmental degradation of any of the tens of thousands of abandoned mining sites in the U.S. [3] [4] [5] .
The Picher mining district (the Oklahoma part of the TriState mining district shown in Fig. 1) is an approximately 100-square-kilometer area in Ottawa County, Oklahoma that was the site of mining for ores of lead and zinc sulfide minerals primarily during the first half of the 20th century. From the early 1900s to 1950, the Picher mining district produced 5.2 million tons of zinc and 1.3 million tons of lead [6] . By 1926, the peak year of production, Ottawa County, Oklahoma was the world's largest source of lead and zinc [7] . souri produced a total of more than $222 million worth of zinc and $88 million of lead, including more than 50 percent of the zinc and 45 percent of the lead needed in World War I [7] .
The Picher mining district, much of which drains south via Tar Creek, contains the largest remaining accumulation of mine tailings in the Tri-State mining district (as much as 60 million tons) ( Figs. 1 and 2) . The quantity of mine tailings on the land surface has decreased with time due to gradual removal of tailings for use as aggregate for roads and other purposes [8] . When mining stopped in 1970, between 165-300 million tons of metals-rich mine tailings remained in the district [13] . As of 2000, as much as 75 million tons of mine tailings remained [3] . After mining ceased, dewatering pumps were turned off and the original mine workings refilled with water, with groundwater eventually seeping out to the land surface from the mine workings in 1979 [3] .
Mine tailings in the abandoned Picher mining district contain thousands to tens of thousands of milligrams per kilogram (mg/Kg, or parts per million) of aluminum, iron, lead, and zinc. Finer particles in tailings, which are more likely to be mobilized by air and water, tend to contain the greatest metals concentrations (Table 1) [10, 11] . Although the number of samples analyzed for metals concentrations listed on Table 1 is small, similar concentrations were reported for concentrations of cadmium, lead, and zinc in many of the 56 tailings samples collected from a local tailings pile and in samples collected from 6 tailings piles in the Tar Creek Basin [10, 11] .
Leachate and runoff from tailings and contaminated soils and seepage from metals-contaminated groundwater in flooded underground mine workings discharges to streams draining the district, with the primary drainage being to Tar Creek (Fig. 2) . Along Tar Creek, about 5 miles upstream from the streamflow-gaging station at the 22nd Street Bridge, as much as 99 percent of iron loading was from mine outflows, with lesser proportions of zinc (19 percent), lead (51 percent), and cadmium (68 percent) in the creek being from leachate from mine tailings rather than mine outflows [12] .
Monitored natural attenuation may be a useful method for reclamation of abandoned mining areas in conjunction with more active reclamation methods [13] . In addition to removal of tens of millions of tons of metals-rich mine tailings over the past several decades for economic and/or reclamation purposes, local streams may have flushed many tons of particulate and dissolved metals downstream. Relatively mobile dissolved metals may have been sequestered in local soils and streambed sediments in less mobile forms such as in oxide, hydroxide, oxyhydroxide, and carbonate minerals [13] [14] [15] . Conversely, disturbance and transport of relatively stable piles of mine tailings and subsequent oxidation of relatively immobile metallic sulfide minerals may have increased mobility of metals in the environment in the past several decades [11] . 
Purpose and Scope
The purpose of this paper is to investigate whether significant changes in surface-water quality have occurred between the mid-1980s and the mid-2000s in the abandoned Picher mining District of northeastern Oklahoma. The data described in this report were collected during two sampling periods: from February 1984 through February 1986 (mid1980s) [16] The sampled station is on the main drainage of this mining district, downstream from most known historical mining activities and thus integrates the effects of mining, reclamation, and other land uses occurring in mined and other upstream parts of this basin. That station also has the most streamflow and water-quality data of all sampled sites near the mining district during these and other time periods. Results of this analysis should indicate whether processes related to natural attenuation and reclamation are causing longterm reductions in concentrations of metals discharging in stream draining a large abandoned mining district on a time scale of two decades.
MATERIALS AND METHODOLOGY
Sampling
Although evaluating trends in data gathered from regular periodic sampling at the station over several decades would have been informative, such data were not available. Two intensive data-collection periods occurred at this station in the mid-1980s and the mid-2000s, facilitating investigation of changes in water quality between those two periods at that station.
In the mid-1980s, the USGS collected 25 water samples for analysis of metals concentrations at the station [15] . In the mid-2000s, the USGS, in cooperation with the Oklahoma Department of Environmental Quality (ODEQ) and the U.S. Environmental Protection Agency (USEPA), collected 22 water-quality samples at the station.
Streamflow and selected water-quality parameters were measured in the field using USGS protocols [17] [18] [19] [20] . Chemical analyses of unfiltered water samples by flame atomic absorption spectrometry was done in the mid-1980s at the USGS National Water-Quality Laboratory in Lakewood, Colorado [17, 21] . Unfiltered, acid-preserved surface-water samples collected by USGS and ODEQ staff in the mid- 
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2000s were digested and analyzed by inductively-coupled plasma-atomic emission spectrometry with Thermo Jerrell Ash Trace ICP Analyzer ‡ at the U.S. Environmental Protection Agency-certified ODEQ Laboratory in Oklahoma City, Oklahoma, using methods described in USEPA Method 2007 [22] . Streamflow and water-quality data described in this paper are available in the USGS National Water Information System (http://waterdata.usgs.gov/nwis).
Data Analysis
Graphs of metals concentrations versus streamflow were made with the S-Plus 7.0 statistical and graphing package [23] . Censored (less than the level of quantification also known as the reporting level) data values were estimated to be one-half of the laboratory reporting level for graphs of metals concentration data versus streamflow and are shown using different symbols.
Estimation of similarities of locations of distributions of data in sample groups were done using the two-sample Wilcoxon rank sum test with approximate distribution and continuity correction, a mean of zero under null hypothesis, and an alternative hypothesis of "greater than" using the S-Plus 7.0 software package [24] . P-values of this test are a measure of likelihood that the null hypothesis (no difference between numbers of two groups) is true. An alpha level of 0.05 or less for one sided p-values supports a 95 percent or greater confidence that the locations of distributions of two groups of numbers are different (the alternative hypothesis). A p-value of 0.10 or less indicates a 90 percent or greater confidence that the locations of distribution of two groups of numbers of different. The Z-value of the Wilcoxon rank sum test is the sum of deviation of each data value from a group mean divided by the standard deviation of the group.
Although substantial portions of total aluminum and lead data were censored (non-detects), censored values (reporting levels) were retained in the data sets for analysis by the Wilcoxon rank sum test, rather than adjusted, because the test is non-parametric (relies on ranking of data, rather than absolute data values).
Quality Assurance/Quality Control
In the mid-1980s, several samples were collected at the same sites at intervals of an hour or more between samples, but no field quality-assurance samples such as split samples, duplicates collected within short time intervals, or field or equipment blanks were collected, which was typical of many sample collection projects collected during that period (oral commun. David Parkhurst, U.S. Geological Survey, 9/12/2008; oral commun. Jon Scott, U.S. Geological Survey, 9/12/2008) [16] .
In the mid-2000s, several types of quality-assurance samples were collected at the station. Equipment blanks for major ions and metals were collected using metals-grade blank water prior to data collection. Analyzed metals were not detected in those equipment blanks. One field blank and two field duplicate samples were collected at the station (frequencies of about 5 and 10 percent of field samples, respec- ‡ Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S. Government tively). No metals were detected in the field blank. Relative percent differences between metals concentrations in the two field duplicate samples ranged from 0 to 10.5 percent.
RESULTS
Streamflow
Mean daily streamflow at the station was significantly greater during the mid-1980s sampling period than in the mid-2000s sampling period (Figs. 3 and 4 , Wilcoxon rank sum test Z=10.3, p=<0.01). However, streamflows at the times of collection of water-quality samples were not significantly different at an alpha value less than or equal to 0.10 between the two sampling periods (Fig. 5, Wilcoxon rank  sum test Z=1.39, p=0.0829) . Because of the similarity in streamflow values at times of sampling between the two periods, metals concentrations were not adjusted for differences in flow conditions at the times of sampling.
pH
As with all Mississippi Valley-type mining districts, this district is underlain by carbonate host rocks [25, 26] . Dissolution of the carbonate rocks tends to buffer acids formed during oxidation of iron and other metals. Buffering occurs during the oxidation of ferrous iron to form minerals such as ferric hydroxide and goethite, as expressed by the following reaction equations [27] [28] [29] . With time, fresh, reactive surfaces of metallic sulfide mineral crystals undergo reactions such as those in the previous equations, forming hydroxides, oxyhydroxides, and hydroxysulfate minerals, with other dissolved metals commonly sorbing onto surfaces of those minerals [13, 30] . Such reactions, along with carbonate buffering and formation of metallic carbonate minerals, should neutralize acidity, increasing stability of metallic hydroxide precipitates [31] . pH significantly increased between the two sampling periods (Wilcoxon rank sum test Z=4.29, p=<0.001, Fig. 6 ). The general increase in pH in water at this station may be due to the geochemical processes previously described. Slight increases of pH with streamflow at this station may be the result of buffering caused by runoff of calcareous minerals from tailings in upstream parts of this basin.
Metals Concentrations
Aluminum
Aluminum in sedimentary rocks most commonly occurs in the form of clay minerals, and in water is typically associated with suspended particles of aluminosilicate or hydroxide minerals, rather than being dissolved as a metallic ion [27] . Although there are tens of thousands of mg/Kg of aluminum in local fine tailings, aluminum in Tar Creek also may be derived from erosion of clay minerals from the Mississippian-age Krebs formation, which underlies the land surface in most of the Tar Creek Basin [25] . Re-suspension of clays in streambed sediments may be an important mechanism causing exponential increases in total aluminum concentrations with increasing streamflow (Fig. 7) . Aluminum concentrations were not significantly different between the two sampling periods (Wilcoxon rank sum test score Z=0.680, p=0.248), indicating relatively constant sources of aluminum in this basin.
Iron
Iron typically occurs in oxidized, circum-neutral (pH~7) water as particles of iron oxides and oxyhydroxides, whereas in reducing conditions that are more common in groundwater, iron is more likely to be present in the dissolved phase as the ferrous (Fe +2 ) ion or precipitated as sulfide minerals such as marcasite and pyrite [27] . The iron sulfide minerals marcasite and pyrite were ubiquitous in now-flooded underground mine workings and tailings piles on the land surface in the Picher mining district [25] . As those minerals gradually dissolve, substantial concentrations of ferrous iron seep in water discharged from the mine workings and tailings to local streams [12, 32, 33] .
Oxidizing conditions in those streams lead to formation and precipitation of 0.5 meters or more of thick goethite-rich sediments on the beds of many streams draining the district (Fig. 8) . Similar to aluminum, fine mine tailings in the district contain thousands to tens of thousands of milligrams per kilogram of iron ( Table 1) , which can be flushed into local streams by runoff, but nearly all of the metal load in upstream parts of the creek were from seepage of iron-rich ground water from the flooded underground mines [12] . (1) relatively anoxic conditions after several decades of flooding of the mine workings not being as conducive to oxidation and dissolution of remaining iron-sulfide minerals, [30, 31] (2) the most accessible of those minerals on surfaces of the underground workings being either dissolved and flushed from the system over that period and/or having been stabilized by coatings of iron oxide, hydroxide, and carbonate minerals, and (3) easily eroded small particles of iron may have been: a) flushed through the system during that period, b) stabilized as concretions of ferric minerals, and/or c) become less erodible due to stabilization by colonizing by volunteer plants (Fig. 10) .
The tendency for increasing iron concentrations with streamflow, particularly for water-quality samples collected in the mid-2000s (Fig. 9) , indicate that runoff of iron-bearing particles from the land surface and/or re-suspension of ironrich streambed sediments may be transport agents of iron to the water column at this station. Another source of increased iron concentration with increasing streamflow, however, may be increased discharge from flooded mine workings during wetter periods, which may comprise as much as 99 percent of iron in upstream parts of Tar and Lytle Creeks [12] .
Manganese
The chemistry of manganese is somewhat similar to that of iron, though manganese is less abundant in the earth's crust by a factor of 50 [27] . Hydrous oxides of iron and man- ganese are important substrates for sorption of other metals in aquatic environments, though the reduced manganous (Mn +2 ) ion is more stable than the ferrous (Fe +2 ) ion in aerated water, meaning that manganese will precipitate more slowly in such water than iron [27, 31] .
Like iron, manganese concentrations decreased significantly from the mid-1980s to the mid-2000s (Fig. 11 , Wilcoxon rank-sum test statistic Z=4.65, p=<0.001) by a factor of about 4. Decreases of total manganese concentrations with increasing streamflow indicate that relatively little manganese is precipitating in streambed sediments, with manganese seeping from anaerobic groundwater being diluted during higher streamflows/runoff events.
Lead
Although lead was one of the two primary minerals extracted during mining in this district, lead generally is less mobile in water than other metals due to its propensity to precipitate as sulfide, carbonate, hydroxycarbonate, and phosphate minerals; to absorb to organic and inorganic sediment surfaces; and to co-precipitate with manganese oxide [27] . Changes in lead concentrations between the two sampling periods are largely masked by a much higher reporting level (10 ug/L) for samples collected during the mid2000s compared to the 0.1 ug/L reporting level for samples collected during the mid-1980s (Fig. 13) . The Wilcoxon rank-sum test statistic (Z=-1.60, p=0.945) indicated no significant difference in lead concentrations between the sampling periods. Occurrence of greater concentrations of lead at greater streamflows indicate that runoff of lead particles on the land surface or re-suspension of lead-bearing streambed sediments during higher streamflows are likely to be the principal transport agents of lead to the water column of this stream, similar to results described in the upstream part of this basin [12] .
Zinc
Zinc was the primary metal mined from the Picher mining district and remains in concentrations of tens of thousands of mg/Kg (parts per million) in fine mine-tailing particles [10] . Zinc concentrations were generally greater than aluminum, lead, and manganese concentrations, and zinc occurred in significantly greater concentrations in the mid1980s (Wilcoxon rank sum test statistic Z=5.45, p<0.001) than in the mid-2000s at this station (Figs. 7, 11, 12, and 13) . Zinc concentrations were generally greater than aluminum, lead, and manganese concentrations, and zinc occurred in significantly greater concentrations in the mid-1980s (Wilcoxon rank sum test statistic Z=5.45, p<0.001) than in the mid-2000s at this station (Figs. 7, 11, 12, and 13) . Zinc concentrations at similar streamflows decreased by about a factor of 10 between the two sampling periods (Fig. 13) .
As sphalerite (ZnS), which was the primary ore of zinc in the district, dissolves and seeps out of the mine workings, the released zinc tends to oxidize, forming relatively insoluble zinc oxides (such as zincite ZnO), hydroxides (such as Zn(OH)2), zinc hydroxycarbonate minerals (such as hydrozincite, Zn(OH) 6 (CO 3 ) 2 ), and complexes with iron hydroxide minerals, particularly in well-buffered carbonate systems common in this and other Mississippi River Valley-type deposits (oral commun., Dr. Paul L. Younger, Newcastle University (U.K.), 3/2006) [14, 15, 26, 27, 34, 35] .
Smaller zinc concentrations at greater streamflows for both sampling periods (Fig. 13) indicate that, like manganese, the primary source of total zinc in water at the station may be seepage of groundwater from flooded underground mine workings [12] . 
DISCUSSION AND CONCLUSIONS
Natural attenuation through flushing of metals, transformation of metals into less soluble and bioavailable forms, and uptake of metals into plants has the potential to eventually reduce concentrations of metals in the decades after abandonment of mining districts and similar metalliferous industrial sites [11, 13] .
Colonization of mined areas by volunteer plants (Fig. 10) also has stabilized tailings and metals-contaminated soils, possibly reducing runoff metals to local streams. Natural flushing and chemical stabilization of metals in mine tailings and the underground mine workings also may have played a part in reducing metals discharges to Tar Creek.
Some reclamation has been occurring in the Picher mining district in the decades after its closure in the early 1970s. Tens of millions of tons of mine tailings have been removed for commercial uses [3, 10, 36] . Dikes and diversion structures were installed several miles upstream on Tar Creek near Douthat, Oklahoma in the late 1980s, with goals of: (a) reducing the volume of surface water flowing into the mine workings through open mineshafts, and (b) reducing discharges of metals-rich water from the mines to local streams [37] . Quantities of water discharging from mine seeps in the Oklahoma part of the mining district tended to decrease in the 1990s and 2000s (oral commun., Dr. Robert W. Nairn, University of Oklahoma, 9/11/2008), but the reasons for decreases in those discharges may be complex, being due to relations between changes in recharge, other natural causes such as collapses and eventual plugging of seep conduits, and reclamation activities such as diverting local streams from flowing into mineshafts, and plugging abandoned mineshafts and prospect borings. Planned burial of metalsrich fine tailings in the flooded underground mine workings may reduce runoff of metals from the land surface in the mining district, but has an uncertain potential for contributing metals to ground-water-flow systems underlying the mining district [8] .
From the mid-1980s to the mid-2000s, no significant changes occurred in the concentrations of aluminum and lead, whereas significant decreases in total concentrations of iron, manganese, and zinc occurred in water samples collected at the stationon Tar Creek. Changes in lead concentrations, however, may have been masked by a much greater reporting limit during the second sampling period in the mid2000s. Iron, manganese, and zinc are relatively mobile metals which may seep from sulfide minerals in flooded underground mine workings and tailings piles and/or runoff from mine tailings and contaminated soils. Significant decreases in the concentrations of those metals at this station between the two sampling periods indicate that environmental conditions in the Picher mining district are gradually improving, probably due to a combination of natural attenuation processes and human reclamation activities.
No significant decreases occurred in the concentrations of aluminum (which may be primarily eroded from a surficial geologic unit unrelated to the mining). Aluminum, iron, and lead concentrations tended to increase with streamflow, indicating that runoff and/or re-suspension of streambed sediments containing those metals may be important sources of those metals at higher flows. Tendencies for decreasing concentrations of manganese and zinc at higher streamflows indicate that seepage from flooded underground mine workings and other groundwater may be more important sources of those metals, which are diluted in concentration by runoff.
Water-quality improvements occurring in this abandoned mining district from the mid-1980s to the mid-2000s are likely to be due to a combination of natural attenuation processes and reclamation activities, including: a) natural flushing and geochemical stabilization of iron, manganese, and zinc in oxidizing conditions at the land surface and anaerobic conditions in the flooded underground mine workings, b) colonization of mined areas by volunteer plants which stabilize tailings and metals-contaminated soils, and reduce runoff and seepage of metals to local streams; c) and to reclamation activities, such as:
1) removal of tens of millions of tons of mine tailings,
2) pilot projects to inject metals-rich fine particles in mine tailings into the flooded underground mine workings, and
3) alteration of stream courses and seeps to reduce recharge of flooded underground mine workings.
